The thermoluminescence phenomenon has been used for pottery dating and radiation dosimetry for sixty years and for forty years has been applied to the study of meteorites, being successful in quantifying metamorphic histories and providing new insights into terrestrial age and orbits. Here we review some of the fundamental properties of thermoluminescence with particular focus on the study of small extraterrestrial particles. We suggest that natural TL data can be used to identify the burial and release history of cometary particles and that induced TL measurements can provide insights into the mineralogy of particles (even when largely amorphous) and the metamorphic history of those particles. We illustrate the use of TL to study small particles by describing recent studies on micrometeorites and 10-100 μm fragments taken from the matrix of a meteorite Semarkona which is type 3.0 ordinary chondrite.
INTRODUCTION
The historic return of dust particles from a comet by the Stardust spacecraft has presented unique opportunities and unique challenges (Fig. 1) . The opportunities are self-evident; the samples are important new kind of primitive solar system material Hörz et al., 2006; Sandford et al., 2006; McKeegan et al., 2006; Keller et al., 2006; Flynn et al., 2006; Zolensky et al., 2006) .The challenges are that the samples are tiny, and had to endure capture in the aerogel in which they are now immersed (e.g., Rietmeijer, 2007; Chi et al., 2007) . Prior to the return of Stardust samples, Zolensky et al. (2000) summarized some of the opportunities presented by the study of such particles, mentioning particularly (1) mineral paragenesis; (2) regolith processes, (3) bulk composition; (4) conditions of thermal and aqueous alteration (if any); (5) relationships to planets, comets, meteorites (via isotopic analyses, including oxygen); (6) abundance of water and hydrated material; (7) abundance of organics; (8) history of volatile mobility, (9) presence and origin of presolar and/or interstellar material. Zolensky et al. (2000) discuss a wide variety of applicable techniques, but did not include thermoluminescence because at the time it was considered a bulk technique. This is no longer the case, as demonstrated by recent work on micrometeorites and Semarkona matrix fragments (Sedaghatpour and Sears, 2009; Craig and Sears, 2009) .
Thermoluminescence is uniquely sensitive and especially suited to detecting trace minerals in an amorphous matrix and providing important characterization. Luminescence studies can provide a new information on the thermal and radiation history and on the solid-state properties (that relate to metamorphic history) of small particles, and on the process of capture in the aerogel. These are very different aspects of the history of these particles. "Thermal history" is the exposure to moderate or high temperatures in a manner that does not change mineralo-gy and composition (such as solar heating or atmospheric entry, excluding the fusion crust). "Metamorphic history" relates to moderate or high temperature and pressure exposures where solid-state recrystallization and changes in mineral structure and composition occur (such as those experienced by isotopic heating and planetary-scale burial).
Thermoluminescence the amount of light produced by a sample since its most recent heating to over 400°C. The physics of the TL process has been described in detail by McKeever, (1988) . In terminology using in TL applications to meteorites, "Natural TL" is the thermoluminescence produced by the sample in the "as received" state, while "induced TL" is the thermoluminescence produced by a sample thermally drained of its natural TL (by heating to >400°C) and subjected to a standard laboratory radiation dose. The measurement of natural TL provides information on radiation and thermal history of extraterrestrial materials (e.g., .
The measurement of induced TL informs on the solidstate properties of the samples, such as the degree of crystallization and nature of the crystallized material. These parameters dictate the number and nature of the metastable sites that participate in the luminescence process. Induced TL can inform on phenomena that other techniques cannot. A classical example is the incipient crystallization in the mesostasis of chondrules from primitive chondrites (Sears et al., 1980) . This is because it is a highly sensitive technique providing single photon counting capabilities and as it is essentially a "bulk" technique. Thus while we think in terms of incipient crystallization of a chondrule mesostasis, it is actually a complete crystallization of highly localized regions, and these are nearly impossible to locate by electron microscopy, and other microbeam techniques, but is readily detected by TL which can detect one part in ~10 5 of the crystalline mesostasis. The extraordinary sensitivity of induced TL to detect "incipient crystallization" provides a unique means to quantify primitive meteorites. The classification of chondrites (i.e. the petrographic types 3.0-3.9) by TL is still in common use after 27 years with TL showing a dynamic rage of 10 3 over type 3 and 10 5 over chondrites as a whole (Sears et al., 1980) .
We review here the basic characteristic of thermoluminescence of extraterrestrial materials with a view to applying the technique to small particles, most particularly the Stardust particles. We consider natural TL measurements, induced TL measurements, and the complexities introduced by the collection methods and possible interferences by aerogel.
NATURAL TL AND THE HISTORY OF COME-TARY PARTICLES

Theoretical background of natural thermoluminescence
The level of natural TL observed in a sample is the result of a competition between build up due to radiation exposure and decay due to thermal drainage (Sears and Hasan, 1986) . The ratio of the natural TL level observed to the saturated TL value (the maximum value possible) is described by:
where φ (Gy) is the natural TL, φ s (Gy) is the value of TL at saturation, dimensionless parameter s is the Arrhenius factor, α is the reciprocal of the mean dose (the dose to fill 1/e of the traps, Gy -1 ), R is the dose rate (Gy/s), E is the trap depth (eV), k is Boltzmann's constant (eV/K) and T (K) is temperature. Most of the parameters appearing in Eq. 2.1 are characteristics of the material, which can be measured in the laboratory. The exceptions are the two environmental factors, the radiation dose rate and storage temperature.
Physical conditions on the comet surface and subsurface
Probably the best insights into processes occurring at and below the surface of comet nuclei are provided by the simulation experiments (Sears et al., 1999) . Some results . are summarized in Fig. 2 . It is generally assumed that inside the comet, the ice is largely amorphous, the result of condensation at very low temperature, but within a meter or so of the surface there is radiation-induced crystallization (Colangeli et al., 1992) . At some depth there is an evaporation front below which condensation of gases moving inwards occurs and above which diffusion of gases towards the surface occurs. Similarly at the crystallization front, evaporation drives gases move upwards until pressure is sufficient to move some part of the gases downwards, carrying heat into the interior. Throughout the ice there may be considerable amounts of dust and as the surface is constantly eroded by the evaporation of volatiles a dusty crust forms (Whipple, 1951) . Thus the albedo of cometary surface is low (Keller et al., 1988) . The Deep Impact collision with Comet Tempe 1 released considerable dust (Schultz et al., 2007) . It seems likely that most cometary nuclei are rubble piles (Söffler and Düren, 1992) , which complicates the process of evaporation and heat transport, and evaporation at the surface is not uniform but occurs mostly by vents where the crust has ruptured (Fig. 1 ).
Fig
Thermal history of cometary dust
Numerous theoretical and experimental studies exist that predict thermal profiles in a comet nucleus. Typical examples are shown in Fig. 3 . Temperatures increase from the cold backplate to the illuminated surface with discontinuities representing the CO 2 and H 2 O sublimation fronts at 210 and 125°K, respectively. Stardust cometary particles have thus probably been heated from the ~150°K nucleus temperature to temperatures experienced during transit, landing, and analysis, perhaps as high as 30°C. In fact, "soak back" (conduction of heat from the heat shield to the interior during the wait for sample extraction) and heating during capture in the aerogel may have caused temperatures higher than 30°C. We can expect these effects to be common to all Stardust particles and be superimposed on any additional processes experienced by particular grains. The mean life for equilibrating the TL accumulated at, say 150°K, with laboratory temperatures is 10 3 -10 4 years (depending on trap depth and the glow curve temperature) (e.g. . Thus, the alteration of the samples due to heating from ~150 K to 30°C should be minimal. Rickman (1991) and observed in laboratory experiments (Sears et al., 1999) . Sublimation occurs at temperature fronts 125 K for CO2-ice and 210 K for H2O-ice. Gases move both upwards leading to entrapment of dust grains and ultimate gas loss and build-up of a mantle at the surface and downwards leading to the movement of heat inwards. The dust mantle on the surface contains refractory grains, some of which are entrapped and carried away by gas drag. Rickman (1991) and consistent with laboratory experiments (Sears et al., 1999) 
Fig. 2. The physical history of the surface and near-surface of a cometary nucleus as described by
Fig. 3. Summary of the thermal gradients occurring at and below the surface of comets as suggested by
. Temperatures increase from the cold backplate of the ices to the illuminated surface, with discontinuities reflecting sublimation of the CO2-ice and H2O-ice at 125 and 210 K, respectively. The numbers in boxes refer to time in hours.
IDPs can experience considerable thermal alteration in passing through the atmosphere. Chondritic smooth IDPs were at one time thought to be "unmelted," but Joswiak and Brownlee (1998) and others note that many of them have "weak to prominent magnetite rims, decomposed Fe-sulfides, and/or poorly crystalline phyllosilicates" which imply heating of the surface up to 800-950°C, although this did not affect interiors.
Radiation History in cometary dust
Radiation plays an important role in the history of comets. It is the sublimation of volatiles by solar radiation that produces the crust on the comet nucleus, and determines much of the subsurface structure (Fig. 2) and we can infer radiation profiles from recent work on the nature of the surface of Europa (Fig. 4) . Some authors have proposed that below the crust is an "irradiation driven mantle" in which solar and galactic radiation cause loss of volatiles and crystallization of ices (Colangeli et al., 1992) .
There is also evidence in the chondritic porous interplanetary dust particles (IDP) of modification by ionizing radiation. The amorphous silicates (including GEMS, particles that are glassy with embedded metal and sulfides) in the IDPs are thought to be the product of radiation-processed presolar crystalline silicate grains Brownlee et al., 1999; Christoffersen and Keller 2006; Joswiak and Brownlee, 2006) . Solar flare tracks in these particles indicate lifetimes of 10 4 -10 5 years, but radiation damage, evidenced as amorphous rims, places a limit on these ages. Natural TL measurements can better elucidate the duration of radiation exposure, since it detects the ionization below the amorphous rim.
Natural thermoluminescence as a tracer of comet particle history It is reasonable surmise that particles resting on or near thesurface (say within a meter) experience high radiation levels and high temperatures and the buried samples experience lower temperatures and lower irradiation levels. Thus, by sorting particles into one of four of these categories (Fig. 5) , in principle it is be possible to gain insight into the movement of particles through the upper meter or so of the nucleus and determine the extent of recycling of particles in the upper layers of the comet nucleus.
COMPARING THE NATURAL TL LEVEL OF INDIVIDUAL PARTICLES
To compare the natural TL levels of grains of differing mineralogy and composition and determine their radiation and thermal history, it is necessary to express the natural TL in a manner that normalizes other differences. Determination of the equivalent dose at a specific glow curve temperature enables such normalization. Additional information can be obtained by plotting the equivalent dose as a function of glow curve temperature, normally termed as the plateau test. 
Equivalent Dose
The equivalent dose is the amount of laboratory beta or gamma dose that needs to be applied to the sample to reproduce the natural signal. This is normally computed by calculating the ration of natural and artificial TL multiplied by the laboratory dose for artificial TL Ninagawa et al., 2000) .
Plateau measurement
Dividing the natural TL signal by the induced TL signal and multiplying by the applied dose results in an equivalent dose as a function of the glow curve temperature (Fig. 6) . A plateau at high glow curve temperatures identifies thermally stable regions useful for pottery dating, (Aitken, 1974) and dosimetry (McKeever, 1988) . Samples that have been heated or stored at higher temperatures can be identified by the absence of their low temperature signal. An example is the study of Sears (1975) and Singhvi et al. (1982) who measured temperature gradients on various faces of the Barwell and Bansur meteorite during atmospheric entry.
INDUCED TL
Measurements of the induced TL provide insight into the composition and mineralogy of the particles that, in turn, can provide insights into metamorphic history and thereby provide data on conditions in the early solar system ; Fig. 7) . Momentary heating to 500°C necessary to drain the natural TL in order for induced TL to be measured is not sufficient to cause mineralogical or compositional changes, but it does slightly darken the samples, which causes a small loss of net TL signal on account of changes in reflectivity and opacity of the grains. This is not normally a problem in these kinds of measurement, but ways to avoid this step are available. A practical significance of induced TL is its high sensitivity and its providing a volume signal. It thus offers prospects of measurements of phenomena are nearly impossible to locate by electron microscopy and other microbeam techniques. For example, can detect changes in one part in ~10 5 of the crystalline material in an amorphous mesostasis can be detected. Changes in induced TL can also be used to quantify shock alteration of meteorites by the loss of signal as crystals melt (Haq et al., 1988) .
A guide to the potential for induced TL studies of small particles is provided by the study of the refractory inclusions of the CV chondrite Allende (Sears et al., 1995) . Fig. 8 shows the variety of induced TL glow curves produced by eight samples from refractory inclusions studied by Meeker et al. (1983) , Meeker (1995) ; Papanastassiou et al. (1984) and Armstrong and Wasserburg (1981) . These curves are the result of a metamorphic series in which low-feldspar was converted to highfeldspar and then melilite. Thus, as long as it is possible to detect sufficient light to produce a glow curve, significant deductions about the mineralogy and metamorphic history of these samples can be made.
Ground-based and spacecraft observations have suggested that crystalline forsterite and enstatite are present in the dust ejected from the nuclei of comets Halley, Hyakutake and Hale-Bopp (Campins, 1999; Jessberger et al., 1988) . Spitzer and ground-based observations of Tempel 2 during Deep Impact's impact indicated amor- Fig. 5 . Radiation exposure determines the height of the plateau, while temperatures experienced determine the onset of the plateau. (Guimon et al., 1985) . Because of the high sensitivity of TL, such information is available for small amounts of feldspar even when buried in an amorphous matrix. phous olivine, pyroxene, phyllosilicates and amorphous carbon, and crystalline forsterite, as well as water ice, carbonates, and possibly metal sulfides (Jessberger et al., 1988; Campins, 1999; Meech et al., 2005; Lisse et al., 2006) . This combination of materials can be studies by TL. A. Stardust particle with forsterite is shown in Fig. 9 .
Fig. 6. Natural thermoluminescence stability is best examined by plotting the ratio of natural TL to induced TL as a function of laboratory heating temperature. This is referred to as plotting the "plateau". Above is a schematic illustration of how the plateau will differ for the four categories of particles (each with a unique history) discussed in
Fig. 7. Glow curves (TL produced against laboratory heating temperature) for an ordinary chondrite in which the TL is produced by feldspar. Laboratory heating experiments combined with X-ray diffraction studies have demonstrated that the TL glow curve is determined by the structure of the mineral, the order form being produced at low metamorphic temperatures and the disordered form produced at high metamorphic temperatures
"Chondritic Smooth" IDPs are generally thought to be of asteroidal origin (Schramm et al., 1989; Brownlee, 1987; Bradley et al., 1994; 1996) , but "Chondritic Porous" IDPs, which are chondritic in composition, with anhydrous mineralogy; aggregates of micron and submicron-some porous and some compact, are thought to be of cometary origin, (Schramm et al., 1989; Brownlee, 1987; Bradley et al., 1996; , and perhaps are more representative of the Stardust particle populations. However, if we find evidence for a metamorphic sequence in Stardust cometary particles the assumption that smooth chondritic IDPs are asteroidal becomes suspect.
While IDPs are generally chondritic in composition, individual particles will vary; some being high in carbon and thought to represent material similar to outer solar system asteroids (Thomas et al., 1993) . These "asteroids" may, in fact, be related to short period comets and so these carbon-rich particles may actually be cometary in origin. Early data for the Stardust particles suggest that refractory minerals are abundant (Fig. 9) . This raises questions about the origin of comets, their relation to asteroids, and the early mixing of material in the solar system. By determining the metamorphic history using TL of these particles, we may be able to answer some of these questions.
QUANTIFYING THE INDUCED TL OF INDI-VIDUAL PARTICLES
There are three parameters that can be measured from the TL induced in extraterrestrial samples; the intensity of the induced TL peak, its width, and its temperature (Fig. 8) .
Peak intensity (TL sensitivity)
The intensity of the TL signal induced by a standard test dose, in a sample previously drained of its natural TL signal, is referred to as the TL sensitivity. The TL sensitivity of a given sample depends on the solid-state properties of the mineral or phase responsible (defects, impurity centers and their luminescence emission). Usually just one or two phases in a sample contribute to the total TL and each phase can have specific glow peaks. The intensity of the peaks depends on the amount of the responsible phase and their sensitivity. An example is the 10 5 -fold increase in induced TL of ordinary chondrites as feldspar is produced from chondrule glass (Sears et al., 1980) .
Peak temperature and width
The peak temperature and width are parameters that can be successfully related to each other by wellestablished TL theory (Garlick, 1949; McKeever, 1988) . Peak temperature is determined by the depth of metastable electron traps below the conduction band called trap depth. Peak width depends on the shape of the Boltzmann distributions and the number of levels. An important example of the relationship between peak temperature Fig. 8 . The variety of induced TL glow curve shapes observed for Allende calcium-aluminum rich inclusions reflected differences in mineralogy that, in turn, reflect differences in metamorphic history (Sears et al., 1995) . The least metamorphosed inclusions contain feldspar in the low temperature form (TL peak temperature ~150°C), intermediate levels of metamorphism produce feldspar in the high temperature form (TL peak temperature ~250°C), while the highest levels of metamorphism result in the dominant luminesent mineral being gehlenite (peak ~400°C). (Fig. 8) , but in the case of the refractory mineral forsterite the luminescence fades rapidly in the presence of a few mol % Fe. (Geake et al., 1973) . and width, and their relationship to metamorphic history is displayed by the ordinary chondrites where the phosphor is feldspar (Fig. 8) . Experiments with terrestrial feldspars have shown that this reflects conversion of ordered to disordered structure (Hartmetz et al., 1986) , and thus is indicative of formation temperature and cooling rate.
Fig. 9. Refractory grain collected from Comet Wild 2 by the Stardust spacecraft. Refractory minerals tend to be strongly thermoluminescent
COLLECTION ISSUES
However, all this forgoing would not be possible if the Stardust particles get severely altered by capture in the aerogel. Every study so far has had to consider the effect of heating (and mechanical damage) associated with capture of the particles and the complications arising from mixing with the melted aerogel. It is essential for our measurements to locate the material that is least altered and examine its history. Such a study is possible by sampling aerogel and debris along the track (Fig. 10) . The terminal particle is, at least according to the Stardust PI, "…. not much heated at all" (oral presentation of Brownlee et al., 2007 and personal communications) . Sure enough, several papers at the recent LPSC seem consistent with this. Some authors appear to have located indigenous organic compounds (Cody et al., 2007) , others have measured indigenous inert gas compositions (Palma et al., 2007) , and others have located volatile elements indicative of CI compositions (Stephan et al., 2007) , a characterization that can only be made on the basis of volatile elements. Yet others have reported volatile-rich minerals indicative of extraterrestrial materials .
This would be loosely analogous to early work on meteorite TL in which the heat penetration in meteorites was measured as they passed through the atmosphere (Sears, 1975) . The aerogel problem has presented great challenges to many research groups, the comet particles becoming intimately mixed with melted aerogel. We have measured unflown aerogel from the batch that was put on the spacecraft and, as expected, have been unable to detect any TL signal. Neither could we detect TL from an aerogel sample in which a red-hot wire had been pushed. We placed a large piece of aerogel on the heating strip in air and held the sample at 500°C for several minutes and thought we detected a slowly growing TL signal, however running blanks showed that this signal was due to oxidation of the heating strip (Fig. 11) . While we will maintain constant diligence and run appropriate controls, the aerogel is unlikely to contaminate the TL signal from stardust particles. In fact, if we can detect a signal from aerogel in the vicinity of the particle track we might be able to quantify the conditions along the track. Sedaghatpour and Sears (2009) sized matrix samples (Fig. 12) . The samples had TL sensitivities comparable with 4 mg of bulk samples of type 3.2-3.4 ordinary chondrites, which is high relative to bulk Semarkona. The other induced TL properties of these samples, TL peak temperatures and TL peak widths, distinguished them from other ordinary chondrite samples where the TL is caused by feldspar. Cathodoluminescence images and other data suggest that the cause of the luminescence in the Semarkona fine-grained matrix is forsterite. Thus forsterite appears to be a major component in many primitive materials, such as nebulae, cometary dust, and Stardust particles.
PRELIMINARY WORK
Semarkona matrix fragments
Antarctic Micrometeorites
Craig and Sears (2009) measured the thermoluminescence (TL) properties of four micrometeorites, three cosmic spherules and one irregular scoracious particle that they found in a survey of 17 micrometeorites (Fig.  13) . These micrometeorites have TL sensitivities ranging from 0.017 ± 0.002 to 0.087 ± 0.009 (on a scale normalized to 4 mg of the H3.9 chondrite Dhajala). The four micrometeorites have similar TL peak temperatures and TL peak widths and these distinguish them from CI, most CM, CV, CO and ordinary chondrites. However, the TL properties of these micrometeorites closely resemble those of the unusual CM chondrite MAC 87300 and terrestrial forsterites (Fig. 14) . Heating experiments on submillimeter chips of a CM chondrite and a H5 chondrite suggest that these TL properties are have not been significantly affected by atmospheric passage. Thus it was suggested that there is no simple linkage between these micrometeorites and the established meteorite classes, and that forsterite is an important component of these micrometeorites, as it is in many primitive solar system materials. Hoyt et al. (1972) measured the thermoluminescence properties of fifty-four 37-74 um grains from the highly Fig. 12 (Craig and Sears, 2009) . (Sedaghatpour and Sears, 2009 (Sedaghatpour and Sears, 2009 ).
Lunar Grains
immature soil sample 12033 and were able to get signals from 14 grains. Most had induced peaks in the 200-250°C range of the glow curve and were thought to be due to plagioclase. Others had broad, hummocky, hightemperature peaks they attributed to a AlSiCa phase (probably anorthite) or occasionally a phosphate. Despite the obvious complexity of individual grains, they were able to detect a profile in the natural TL with depth in the 40 cm core that they attributed to solar heating near the surface and attenuation of the cosmic radiation at depth.
CONCLUSIONS
It is now possible to detect thermoluminescence from micrometeorites and 10-400 um fragments of Semarkona type 3.0 ordinary chondrite. Semarkona is the least metamorphosed ordinary chondrite known and has a TL signal 10 -5 times that of common equilibrated ordinary chondrites. The lower size range of particles for which we have detected a signal overlap with the size range for Stardust particles and IDPs. Thus the type of information provided by natural and induced TL techniques that have been developed for extraterrestrial materials over the last 30-40 years can now be applied to the smallest of all extraterrestrial materials. Natural TL studies have the potential to provide information on radiation and thermal history, and might therefore enable insights into the history of cometary particles as they move from the interior to the surface of the nucleus and into interplanetary space. Induced TL has the potential to provide information on the mineralogy and structure of silicate phases in the IDPs and Stardust particles, even when present as trace amounts in a large amorphous and essentially uncharacterized matrix.
